Genetic engineering has resulted in more than 50 recombinant bispecific antibody formats over the past two decades. Bispecific scFv antibodies represent a successful and promising immunotherapy platform that retargets cytotoxic T cells to tumor cells, with one scFv directed to tumor-associated antigens and the other to T cells. Based on this antibody construct, strategies for both specific tumor targeting and T cell activation are reviewed here. Three distinct types of tumor antigens are considered to optimize specificity and safety in bispecific scFv based treatment: cancer-testis antigens, neo-antigens and virus-associated antigens. In terms of T cell activation, although CD3 has been widely applied in bispecific scFvs being developed, CD28 and CD137 among co-stimulatory signals are also ideal candidates to be evaluated. Besides, LIGHT and HIV-Tat101 have drawn much attention as their potential roles in modulating antitumor responses.
Introduction
T cells have been considered to be the most specific and potent killer cells in antitumor activity. However, the antitumor efficiency of T-cells is often insufficient partly due to the immune evasion mechanisms of cancer cells to escape from T cells killing under selective pressure. Several immunotherapies utilizing the cytotoxic potential of T cells to fight against tumors have been rapidly developed and successfully translated into clinical benefits. These include adoptive cell therapies, such as chimeric antigen receptor (CAR) T cells, genetically engineered TCR-T cells, and tumor-infiltrating lymphocytes (TILs). Adoptive therapy of TILs, for instance, consists of collection, ex vivo expansion, and reinfusion of patient-derived in particular mutation specific TILs. Relevant studies include objective regression in a patient with metastatic colorectal cancer after the infusion of TILs that specifically target KRAS G12D mutation [1] . Another highlighted immunotherapy to promote T cell function is the checkpoint blockades of PD-1/PD-L1 and CTLA-4, which have also demonstrated potent efficiency with approval for the treatment of advanced melanoma and NSCLC. Recombinant bispecific antibodies have also been intensively studied to retarget T cells against highly expressed tumor-associated antigens. Although bispecific antibodies are designed to take multiple forms, our review here focuses on a particular bispecific format: single chain variable fragment bispecific antibody.
Development of bispecific scFvs in solid tumors
The concept of recombinant bispecific antibodies
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International Publisher was devised more than two decades ago. Over 50 different formats of bispecific antibodies are now available for therapeutic and diagnostic applications [2] . The approval of blinatumomab by the US. FDA in December 2014 highlighted bispecific single chain variable fragment antibody as powerful and promising platform for immunotherapy both in hematologic and solid tumor settings [3, 4] . This bispecific antibody format is engineered by combining scFv domains of two different antibodies on one polypeptide linker chain. One scFv domain is designed to recognize CD3Ɛ on T cells, whereas the other scFv is selected to bind tumor associated antigens. By simultaneously binding to tumor associated antigens (TAAs) and CD3Ɛ, The scFv antibody can retarget surrounding T cells to antigen-expressing tumor cells. This interaction is exclusively relies on TAAs and CD3Ɛ while completely independent of peptide/MHC complex and the antigen specificity of bound T cells [5] [6] [7] [8] .
In solid tumor indications, three bispecific scFvs have entered phase I clinical trial and at least ten other antibodies are being evaluated in preclinical development against an impressive variety of solid tumors (Table 1) . MT-110 (Solitomab, AMG110): the EpCAM/CD3 bispecific scFv antibody aimed for solid malignancies of epithelial origin by targeting the epithelial marker EpCAM. A phase I clinical trial (NCT00635596) to assess safety and tolerability of MT110 in various solid tumors has been completed. The observations of transient decrease in tumor markers and CTC counts as well as necrotic tissue in tumor biopsies suggest anti-tumor activity. Best response of SD is reported in 38% of patients evaluable for anti-tumor response [9] . MT-111 (MEDI-565, AMG 211): the CEA/CD3 bispecific scFv antibody. Two phase I clinical trials of MT-111(NCT01284231 and NCT02291614) has been conducted in advanced gastrointestinal adenocarcinoma. The study NCT01284231 has already been completed. MT-111 was given intravenously over 3 hours on days 1 through 5 in 28-day cycles and no objective responses occurred, with 11 (28%) patients achieving stable disease as best response. [10] MT-112 (BAY2010112): the prostate specific membrane antigen (PSMA)/CD3 antibody intended to treat prostate cancer. Preclinical studies in mice models have demonstrated rapid tumor shrinkage and complete remissions of established human prostate cancer xenografts [11] . A phase I trial (NCT01723475) of MT-112 in subjects with castration-resistant prostate cancer is ongoing.
Strategies for specific tumor targeting
All tumor antigens targeted in bispecific scFvs constructs above show relative lower expression in normal tissues and consequently show relative lack of specificity. The challenge of specificity, which currently presents a major obstacle for the wider implementation of powerful immunotherapeutic agents such as chimeric antigen receptors and bispecific antibodies, has emerged studies on reagents that recognize or kill cancer cells but as less normal cells as possible. Three distinct types of tumor antigens to optimize bispecific scFv antibody design will be discussed in our review with effort to improve specificity and safety ( Figure 1 ). 
Cancer-testis antigens
Cancer-testis (CT) antigens are promising candidates in cancer immunotherapy. Most of CT antigens are limited to male germ cells among normal tissues, but highly expressed in various types of solid tumors. Testis germ cells are immune-privileged because of the absence of HLA-class I molecules and therefore cannot be recognized by T cells [12] . However, there are some CT antigens found in normal tissues except germ cells. Based on their expression, the CT antigens can be divided into three groups: testis-restricted antigens, such as New York esophageal squamous cell carcinoma 1 (NY-ESO-1), melanoma-associated antigens (MAGE-A1), synovial sarcoma X (SSX2); testis/brain-restricted antigens and testis-selective antigens [13] . Among CT antigens, MAGE-A1 and NY-ESO-1 have been extensively exploited in peptide vaccination and adoptive T cell transfer therapies [12, 14] .
When applied in bispecific antibody, cancer-testis antigens are not accessible to monoclonal antibodies because they are typically located in nuclear or cytoplasm. However, endogenous antigens can be processed in the proteasome, and ultimately presented on the cell surface with major histocompatibility complex (MHC) molecules. Therapeutic monoclonal antibodies, called "TCR-like" mAbs, have been developed to recognize peptide/MHC complexes derived from intracellular tumor antigens on the cell surface [15] [16] [17] . Such tumor antigens for which specific TCR-like Fab or scFv antibodies have been successfully produced include telomerase catalytic subunit [18] , Wilms tumor 1(WT1) [19] , phosphatase of regenerating liver 3(PRL-3) [20] , and MAGE-A1 and NY-ESO-1in CT antigens.
MAGE -A1 is frequently found in various solid tumors: esophageal squamous cell carcinomas, non-small cell lung carcinomas, metastatic melanomas, head and neck squamous cell carcinomas and bladder carcinomas. Several peptides derived from MAGE-A1 in the context of different HLA-A1 alleles have been identified. The first human antibody developed against class I peptide-MHC complex is the TCR-like Fab fragment directed for the MAGE-A1/HLA-A1 complex [21] . Another derivative Fab fragment against the same complex with an 18-fold improved affinity yet identical peptide specificity has also been identified. Retroviral transfer of chimeric receptors based on these two selected Fab fragments has used to genetically program primary human T lymphocytes. These T cells are examined for tumor cell killing capacities, with the high-affinity Fab fragment showing faster and enhanced anti-tumor responses [22, 23] . However, high affinity scFv Hyb3-γ/CD28 chimeric receptors T cells show only partial specific as no MAGE-A1 peptide loaded target cells were also lysed [24] . Recently, conversion of these two Fab fragments to scFv have been coupled to liposomes so as to specifically target melanoma cells and promote internalization of nanoparticles by these tumor cells [25] .
NY-ESO-1 is highly expressed in solid tumors, including neuroblastoma, synovial sarcoma, melanoma, cervical cancer and epithelial ovarian cancer. Epitopes derived from NY-ESO-1 have been identified, including three peptides presented by the HLA-A2 molecule and at least 21 distinctive epitopes presented by at least five HLA class II alleles [26] . A Fab fragment that specifically recognizes 157-165 peptide/HLA-A0201 complex with high affinity (KD=60 nM) has been reported [27] . Similarly, another fragment specific to 157-165 peptide/HLA-A0201 with 20-fold affinity improvement by mutations has also been produced. T cells with recombinant single-chain TCRs specifically recognized and killed NY-ESO-1/HLA-A1+ T2 cells, with the scFv fragment of higher affinity showing higher level of IFN-γ release and cytotoxicity to peptide 157-165/HLA-A0201+ cells.
[15] NY-ESO-1-specific CAR-T cells also showed anti-tumor effects in xenograft mode with endogenously NY-ESO-1 positive myeloma cells [28] .
Neo-antigens
Neo-antigens are the consequences of genetic mutations accumulated by cancer cells during the tumorigenesis process. It is now feasible to identify mutations present within the protein encoding part of the genome with deep-sequencing technologies [29, 30] . Somatic mutations are the most optimized targets for cancer immunotherapy because they can only be found in tumor tissues, not in any normal cells. Similar to CT antigens, most of epitopes derived from somatic mutations lies in the interior of tumor cells [31] . However, 10-20% of these mutations are predicted to present on cell surface bound to common HLA types [32] . We review our emerging interest on the development of antibodies that recognize mutant peptide/HLA complexes.
There are few studies about antibodies specific for neo-antigens. It has been reported that scFvs specific for the epitopes derived from two commonly mutated oncogenes KRAS and EGFR, illustrated in the context of two common HLA types A2 and A3 respectively, have been obtained [33] .These two targets have been selected out because of the mutation frequency and HLA alleles types. KRAS G12V mutation can be commonly found in tumor cells, particularly in 45% pancreatic adenocarcinomas, 14% lung adenocarcinomas, and 13% colorectal adenocarcinomas [34] . The mutant peptide containing the G12V mutation is predicted to be presented by the most common HLA allele in ethnic groups HLA-A2. The EGFR L858R mutation, located in the cytoplasmic domain of tumor cells, is found in ∼10% of lung adenocarcinomas [35] . This mutation resulted in the epitope presented by the HLA-A3 allele. ScFvs can specifically bind to and efficiently lyse T2 or T2A3 cells displaying mutant peptides in the context of HLA. The work reviewed above provided us the inspiration to generate antibody reagents that recognize mutation epitopes so as to kill mutant cancer cells specifically but not any normal cells. However, it still remains urgently to see whether and to what extent these antibody reagents can bind to tumor cells with low amounts of mutant peptides on the cell surface.
Virus associated antigens
Relevant antigens derived from oncogenic viruses provide attractive targets for tumors in which specific aetiology has been suggested. The present review focuses on Epstein-Barr virus (EBV) targeting in gastric carcinomas. About 10% (1.3% to 20.1%) of gastric carcinomas are EBV positive, which called EBV-associated gastric cancer (EBVaGC) [36, 37] . In EBVaGC, EBV is demonstrated to be exclusively restricted in gastric cancer cells and no detectable EBV is observed in normal gastric mucosa, intestinal metaplasia or stromal cells. [38] According to the viral RNAs and proteins detected during the latent phase, three major latency programs are commonly described [39] . EBV positive gastric carcinomas belong to latency program I, which includes the expression of EBV-encoded small RNAs (EBERs), transcripts from the BamHI A region(BARF0) and EBV nuclear antigens EBNA1 [40] . Somewhat different from conventional latency 1, latent membrane protein LMP2A is also expressed in about half of the EBVaGC cases.
In EBV-associated lymphoproliferative diseases (LPDs) and nasopharyngeal carcinoma (NPC), adoptive immunotherapy including allogenic or autologous EBV-specific CTLs transfer has been intensively investigated [41] . When EBV associated antigens are utilized for bispecific antibodies, trans-membrane LMPs expressed in cells infected but not in normal cells are prior candidate targets to be considered. This idea has been encouraged by the identification of specific antibody against LMP1 and the second generation CAR-T containing anti-LMP1 scFv to target LMP1 positive nasopharyngeal carcinoma cells [42] . The anti-LMP1 CAR-T displays specific cytolytic action in response to NPC cells overexpressing LMP1 in vitro and significantly inhibits growth of LMP1 expressing NPC cells in a subcutaneous xenograft model by intratumoral injection. Similarly, LMP2A is considered to be the optimal target for EBVaGC, which plays a crucial role in EBV-induced gastric carcinogenesis on cell proliferation and migration [43] .
Strategies for activation of T cells
To date, anti-CD3 scFv has been widely utilized in bispecific scFvs being developed to target T cells. Co-stimulatory signals are also crucial for further regulating T cell activation [44] . It remains to be explored whether targeting these immunomodulatory molecules is sufficient for scFv antibody to mediate T cell activation, proliferation and cytotoxicity. We reviewed several leading candidates to be included in designs: CD28, CD137 among co-stimulatory molecules and immune-manipulating molecules like LIGHT and HIV-Tat101 (Figure 1 ).
Co-stimulatory molecules: CD28, CD137

CD28
The classical signal 2 is delivered by CD28 on binding to the ligands CD80 (B7-1) or CD86 (B7-2) on APCs. CD28 is constitutively expressed on the membrane of most resting CD4 T cells and about half of the CD8 T cells [45] . As for agonistic mAbs, anti-CD28 mAbs have been applied in sustained ex vivo expansion of cultured T cells. However, the further use of antibodies against CD28 has been discouraged as a result of a series of acute and serious adverse events in a phase I clinical trial where super agonist anti-CD28 mAb was tested systemically [46] . So localized or targeted use of anti-CD28 mAb is emerged to minimize the risks and promote the antitumor immunity, which can be achieved by bispecific antibodies targeting CD28 co-stimulation to tumor tissues. The research work from Spain has engineered a multidrug resistant-associated protein 1 (MRP1)/CD28 bivalent aptamer which is able to bind MRP1-expressing chemotherapy-resistant tumors and deliver the CD28 costimulatory signal to tumor infiltrating lymphocytes. Melanoma bearing mice systemically treated with MRP1-CD28 bivalent aptamer show reduced tumor growth and improved survival. Notably, both IFN-ү, TNF-α and immunosuppressive cytokines IL-10 significantly increased during the treatment, so a combination of Gvax, P60 and MRP1-CD28 bispecific aptamer were used to inhibit tumor growth [47] . The promising results from MRP1-CD28 bispecific aptamer make CD28 still a promising candidate in bispecific antibody constructs.
CD137
Also known as 4-1BB, CD137 is expressed on activated T cells including CD8 T cells, CD4 T cells, Tregs, and NKT cells [45] . Ligation of CD137 on T cells induces cell activation and enhanced effector functions. Upregulation of CD137 on recently activated T cells has been used to identify and isolate virus, tumor and neo-antigens reactive T cells from both peripheral blood and TIL in adoptive immunotherapy [48] .
Agonistic mAbs are the leading therapeutic modality for harnessing the antitumor effects of CD137. Two anti-CD137 mAbs are currently in the clinical trials, Urelumab and PFZ-05082566 [49] . In bispecific settings, antitumor effects have been observed with bispecific oligonucleotide aptamers containing an agonistic CD137 aptamer and PSMA or VEGF aptamer. The PSMA-CD137 aptamer conjugate is a first-generation prototype bispecific aptamers. Systemic delivery of PSMA/CD137 aptamer inhibits tumor growth in both subcutaneously implanted tumor-bearing models and lung metastasis models, exhibiting a superior therapeutic index compared to CD137 antibodies [50] . Given that most receptors, including PSMA, are internalized once engaged by their ligands, research work from the same team turns to target the costimulatory ligands to products secreted into the tumor stroma such as VEGF, osteopontin (OPN) and metalloproteases instead of to tumor associated antigens expressed on the tumor cells. VEGF/CD137 aptamer conjugate inhibits multiple unrelated tumors in subcutaneous, postsurgical lung metastasis and autochthonous tumor models [51] . What's more, an anticalin-based HER2/CD137 bispecific antibody is being developed by Pieris Pharmaceuticals [52] . We are looking forward to the antitumor outcomes of this bsAb.
Immune-manipulating molecules: LIGHT and HIV-Tat101
LIGHT LIGHT (the abbreviation of homologous to lymphotoxins, shows inducible expression, and competes with herpes simplex virus glycoprotein D for herpes virus entry mediator, a receptor expressed by T lymphocytes) has been verified to manipulate the anti-tumor immune responses. There are three already recognized receptors of LIGHT: lymphotoxin β receptor (LTβR), herpes viral entry mediator (HVEM) and DcR3. LIGHT affect immune responses in different ways when bound to different receptors. Interactions with LTβR on the infiltrating stroma cells can facilitate the homing of naive lymphocytes into the tumor stroma by inducing the expression of chemokine like CCL21 and the adhesion molecules like MAdCAM-1 [53] . The second receptor, HVEM, is expressed on both naive T cells and T cells at the end of activation. LIGHT acts as a strong CD28-independent costimulatory molecule on T cells by binding to HVEM [54] . HVEM transduces signal pathways via TRAFs to activate anti-tumor immune response. The HVEM cytoplasmic portion interacts with TNFR-associated factor family, especially TRAF5, which leads to synergistic activation of NF-κB. NF-κB activation can be further boost when there is cooperation with TCR signaling. Overexpression of HVEM also induced marked activation of Jun N-terminal kinase (JNK) and the Jun-containing transcription factor activator protein-1 (AP-1) [55] . These activities indicate that forced LIGHT expression in the tumor microenvironment may act as potent therapeutic strategies by recruiting and priming T cells.
Studies from Yangxin Fu and colleagues show that LIGHT-conditioned microenvironment not only selectively expands antigen specific tumor infiltrating lymphocytes (TILs), but also induces an increased infiltration of naive T lymphocytes as a consequence of the upregulation of chemokine and adhesion molecules. Changes happened in LIGHT-conditioned microenvironment finally lead to effective eradication of established tumors both in situ and at distal sites in vivo. [53] Except for injection of LIGHT-expressing tumors, forced focal LIGHT expression in the tumor microenvironment can be achieved through other various delivery methods. The same group has made efforts by intratumoral inoculation of Ad-LIGHT, an adenovirus that expresses LIGHT [56] , and injection of LIGHT-expressing mesenchymal stem cells (MSC-L), which show potent tropism to tumor tissues [57] . With respect to bispecific antibody constructs, specifically targeting delivery of LIGHT to antigen expressing tumor tissues can be achieved by generating scFv-LIGHT fusion protein, with the supporting outcome that anti-EGFR-LIGHT induced complete regression in EGFR-expressing tumors, established protective T cell immunity to tumor challenges and overcame resistance to checkpoint blockade [58] .
HIV Tat101
HIV-1 Tat 101 is a 101-amino acid protein produced after the HIV-1 infection [59] . In addition to affect viral replication and infectivity, Tat101 can be released out of the infected cells and then affect the functionality of neighboring immune cells, including DCs, CD4 T cells and CD8 T cells.
Immature dendritic cells are firstly infected by HIV after mucosal exposure. Monocyte-derived dendritic cells (MDDC) efficiently and selectively take up exogenous Tat protein in a dose, time, and temperature-dependent fashion. Upon uptake, Tat induces MDDC maturation by increasing expression of MHC and costimulatory molecules and MDDC activation by producing Th1-type cytokines, including IL-12, TNF-α, and β-chemokines [60] .
For CD4 T cells, exogenous Tat protein interacts with one or more of surface receptors on CD4 T cells, including integrin receptors [61] . Tat activates ERK/MAPK and PI3K/ Akt pathways through its RGD domain. These pathways further activate the induction of T-bet, Eomes and Blimp-1, which finally enhance the secretion of IFN-γ, perforins and granzymes [62] . Studies from several groups support that interactions of Tat with CD4 T cells synergistically stimulates proliferation and IL-2 superproduction following stimulation of the CD3 and CD28 receptors [63, 64] . In CD8 T cells, Tat favors multi-functionalities of CD8 T cells when activated with antiCD3/CD28, including IL-2 and INF-γ expression, proliferation and cytotoxic activity of both antigen specific naive and memory CTL cells [62] . It has also shown that Tat prolongs the duration of CD8 T cells responses with earlier start and longer last time. However, antigen specific CD8+ T cells induced by Tat show affected cytokine release during the response. It is indicated that Tat causes part functionality loss of CD8 T cells except for hyperactivation [65] . It has been reported that Tat hyperactivates T cells by blocking the nicotinamide adenine dinucleotide (NAD+)-dependent deacetylase SIRT1, which potentiates NF-κB transcriptional activity through deacetylating lysine 310 in the p65 subunit of NF-kB specifically [66] . It remains to see whether Tat101 will show negative impacts in terms of impaired functionality, exhaustion, and susceptibility to apoptosis as observed in chronic HIV infection.
Perspective
Bispecific scFv antibodies in solid tumor indications have not yet been able to demonstrate credible therapeutic effects as indicated in phase I clinical trials. In addition to these alternative strategies for tumor associated antigens with improved specificity and activation of T cells, combinations of bispecific antibodies with checkpoint inhibitors or other immune modulating agents may offer beneficial synergistic effects to overcome immunosuppressive tumor microenvironment. Recent studies have shown the induction of PD-L1 expression after bispecific scFv antibody administration. Dual blockades of PD-1 and PD-L1 have been reported to maximize T cell cytotoxicity mediated by CEA/CD3 bispecific antibody [67] . Another major obstacle for immunotherapy in solid tumors is the absence of the T cell infiltration in tumor microenvironment. Recent study demonstrates that lack of spontaneous immune infiltration in solid tumors is unlikely due to lack of antigens. So it's of great importance to improve T cell infiltration into tumors therefore be able to facilitate clinical response to immunotherapy [68] . In summary, bispecific scFv antibody represents a promising platform for cancer immunotherapy and more evaluation and development are needed for their further application in solid tumors.
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